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Abstract
Human-wildlife conflicts, especially those involving large carnivores, are of global conservation and livelihood concern and
require effective and locally-adapted preventionmeasures. Risk of lion attack on livestock (i.e., depredation) may vary seasonally
andmay be associated with variation in wild prey abundance or landscape characteristics. To test these competing hypotheses, we
used a resource selection approach, and determined whether prey catchability (indicated by geo-spatial variables), or prey
availability (indicated by modeled abundance recorded via camera traps) explained spatial and seasonal variation in livestock
depredation risk by African lions on Manyara Ranch Conservancy, a multi-use area in northern Tanzania. Seasonal variation in
vegetative productivity and proximity to surface water appeared to be strong predictors of livestock depredation risk. Correlates
for depredation risk were different between wet and dry seasons. During the dry season, depredation risk was positively
correlated with vegetative productivity, whereas depredation risk during the wet season was highest near livestock enclosures
(bomas). During both seasons, depredation risk was high closer to surface water. Landscape-driven risk maps were created to
identify low risk areas that may be compatible with livestock grazing. Our results on depredation risk by lions are similar to other
studies in protected areas and suggest that both prey catchability and prey availability are instrumental in predicting kill sites of
lions. To facilitate lion and livestock coexistence in multi-use areas of Africa, we recommend minimizing spatiotemporal overlap
between livestock and abundant wild prey by developing alternative livestock water and feeding locations and increasing caution
near surface water areas.
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Introduction
Human-wildlife conflict is a global conservation and livelihood
issue, especially when conflicts involve large carnivores
(Ripple et al. 2014; Treves and Karanth 2003; Madden 2004).
Competition over food, exacerbated by spatiotemporal overlap
in habitat use can lead to conflicts with carnivores (Treves and
Karanth 2003; Inskip and Zimmermann 2009). Large carni-
vores may attack domestic animals, compete for wild prey, or,
in rare cases, attack humans (Kruuk 2002; Woodroffe et al.
2005; Olson et al. 2015a; Kissui 2008; Behdarvand and
Kaboli 2015; Packer et al. 2005; Madden 2004). Most large
carnivore populations are in decline globally, in large part due
to ineffective non-lethal conflict prevention and mitigation
which often leads to lethal control or retaliatory killing of car-
nivores (Ripple et al. 2014). Carnivore attacks on domestic
animals (i.e., depredations) can have significant economic im-
pacts (Woodroffe et al. 2005; Bommel et al. 2007; Mishra et al.
2003; Patterson et al. 2004; Kissui 2008) and can be traumatic
or foster negative attitudes toward carnivores if poorlymanaged
(Fritts and Paul 1989; Olson et al. 2015b; Bencin et al. 2016).
Without effective and efficient conflict prevention and mitiga-
tion efforts, local people perceive carnivores as a threat or a
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cause of economic loss, and may eventually turn to retaliatory
killing (Kissui 2008; Sundararaj et al. 2012; Hazzah et al. 2014;
Lyngdoh et al. 2014; Olson et al. 2015b; Mishra et al. 2003;
Inskip and Zimmermann 2009). Globally, retaliatory killings
are one of the leading causes of large carnivore population
declines (Inskip and Zimmermann 2009; Nowell and Jackson
1996; Ripple et al. 2014).
African lions Panthera leo (hereafter: lions) are particularly
prone to retaliatory killing, since (1) cattle Bos taurus (a highly
valued asset in the predominant pastoral communities that are
dominating Africa’s savannas) are within their preferred prey
weight range, (2) lions usually defend their prey and are thus
highly susceptible to retaliatory killing, and (3) ritual killings of
lions (which may be additionally provoked by livestock depre-
dation events) are part of many pastoralists cultures (Chellam
1993; Singh and Kamboj 1996; Patterson et al. 2004;
Woodroffe et al. 2005; Hayward and Kerley 2006; Ikanda and
Packer 2008; Kissui 2008; Hazzah et al. 2009; Meena et al.
2011; Sundararaj et al. 2012; Goldman et al. 2013). For exam-
ple, in Cameroon, the lion population of Waza National Park
declined by 50%, mainly due to the conflicts with surrounding
pastoralists (Henschel 2006) and human-lion conflict and the
associated retaliatory killing has been suggested to be one of the
key drivers associated with the recent sharp declines of lion
range and population sizes across Africa (Riggio et al. 2013;
Bauer et al. 2015). Therefore, preventing and mitigating
human-lion conflict is a critical step in the protection of lion
populations (Bommel et al. 2007; Hazzah et al. 2014). To ef-
fectively prevent and mitigate human-large carnivore conflict,
conservationists must understand the factors that influence peo-
ple to retaliate and kill carnivores (Musiani et al. 2005; Bommel
et al. 2007; Hazzah et al. 2014; Behdarvand and Kaboli 2015;
Olson et al. 2015a).
Several variables have been found to be associated with
human-large carnivore conflicts. For example, many re-
searchers suggest that large carnivore attacks on livestock
are influenced by the abundance of wild prey (Meriggi and
Lovari 1996; Mizutani 1999; Mishra 2001; Mishra et al. 2001;
Stoddart et al. 2001; Polisar et al. 2003; Musiani et al. 2005;
Kolowski and Holekamp 2005; Woodroffe et al. 2005;
Azevedo 2008; Odden et al. 2008). In areas where native
wildlife is depleted and replaced by livestock, carnivores are
likely to encounter livestock more frequently and may switch
to an alternative, livestock prey source (Murdoch 1969;
Meriggi and Lovari 1996; Stoddart et al. 2001; Patterson
et al. 2004; Azevedo 2008; Sundararaj et al. 2012,
Khorozyan et al. 2015). In addition to high livestock densities,
livestock species also tend to lack the anti-predator behaviors
of their wild counterparts, making them particularly vulnera-
ble as a prey source (Price 1984; Chellam 1993; Singh and
Kamboj 1996; Nowell and Jackson 1996; Price 2002;
Diamond 2002; Patterson et al. 2004; Meena et al. 2011;
Sundararaj et al. 2012).
An alternative hypothesis to the ‘prey availability’ hypoth-
esis is that particular spatial features facilitate ‘prey
catchability’ by large carnivores, which may be particularly
relevant for lions that typically ambush their prey (Schaller
1972; Hopcraft et al. 2005). In savanna ecosystems, both prey
distribution and catchability may vary between seasons
(Hopcraft et al. 2005; Kuiper et al. 2015). Wild prey distribu-
tion during the dry season is usually constrained to areas near
water resources (Owen-Smith and Mills 2008; Davidson et al.
2012) and lions often kill prey closer to water resources
(Hopcraft et al. 2005; Valeix et al. 2009; Davidson et al.
2012). During the wet season, available surface water re-
sources are plentiful and wild prey disperse throughout the
landscape (Patterson et al. 2004). However, there are contrast-
ing patterns with respect to seasonal patterns of livestock dep-
redation (i.e., killing of livestock) by lions. Some studies re-
port an increase in lion attacks on livestock during the dry
season in areas near water resources where there was ample
vegetative cover (Butler 2000; Kays and Patterson 2002),
whereas other studies reported an increase in lion attacks on
livestock during the wetter months (Kolowski and Holekamp
2005, Kuiper et al. 2015; Koziarski et al. 2016).
To identify whether livestock abundance, wildlife abun-
dance, or spatial features that may affect prey catchability
are related to livestock depredation risk by lions, we used a
resource selection approach to predict seasonal livestock dep-
redation risk in a multiple use area of northern Tanzania. We
hypothesized that livestock attack sites were more common in
areas near surface water resources and with high NDVI values
as resources valued by both livestock and wild prey overlap
(i.e., water and palatable vegetation) and that livestock site
selection of lions were mediated by seasons.
Materials and methods
Study area
We conducted this study in Manyara Ranch Conservancy, a
multiple-use area that support wildlife conservation and pas-
toralist lifestyles of adjacent communities (The Tanzania
Land Conservation Trust 2011; Fig. 1). Manyara Ranch is
located in the Tarangire-Manyara Ecosystem and central for
the seasonal migration of ungulates (Kiffner et al. 2016).
The semi-arid ecosystem has three main seasons: the long
rains from February to May, the dry season from June to
October, and the short rains from November to December
(Pittiglio et al. 2012). Rainfall varies throughout the year,
ranging from 415 to 844 mm per year (Mwalyosi 1992,
Fig. 2). The ranch encompasses ca. 182 km2, and the vege-
tation is characterized by Acacia-Commiphora savannah and
grasslands. Surface water is provided by several dams and
by the Makuyuni River that bisects the area (Kiffner et al.
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Fig. 1 Locations of camera traps atManyara Ranch, Tanzania (September toNovember 2014), systematically distributed background sites, and livestock
depredation sites (2013 to 2015). The inset to the right indicates the location of Manyara Ranch in Tanzania
Fig. 2 Average monthly mean
rainfall (solid black line ± 1 se =
gray dashed lines) and overall
average monthly rainfall (black
dashed line). Rainfall data were
recorded at Lake Manyara
National Park Main Office from
1953 to 2014
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2016). The ranch serves as an important dry season pasture
for the surrounding pastoralists and supports a wide array of
both resident and migratory wildlife (Kiffner et al. 2016).
People living in adjacent communities perceive human-lion
conflict as very prevalent (Koziarski et al. 2016).
Survey design
We used a use-availability resource selection approach to
identify risk factors associated with livestock attack sites
(Manly et al. 2002). The exact location of attack sites
(i.e., affected) were recorded from 2011 to 2015 by the
Tarangire Lion Project using a handheld GPS. Eighteen
livestock depredation sites were recorded on MR during
2011 to 2016. We used all available data for our survey
period; however, we acknowledge some events could
have gone undetected. We classified each depredation site
as either occurring in the wet or dry season defined as
months with higher or lower than average 1953–2016
rainfall, respectively (Fig. 2). Rainfall data were obtained
from Lake Manyara National Park headquarters (approx.
20 km from Manyara Ranch and at same altitude) from
1953 to 2016 (Fig. 2).
Relative abundance of livestock and wildlife was assessed
using camera traps (ten Bushnell Trophy Cam HD and four
Reconyx PC800 Hyperfire IR) placed on a 2.5-km systematic
grid (n = 18) as well as on known livestock depredation sites
during 2014 (n = 6; some locations had multiple depredation
events). Camera traps were rotated randomly at background
sites every 2 weeks to a new location. Camera traps placed at
livestock depredation sites remained stationary for the entire
study period, but were maintained every 2 weeks.We installed
camera traps to coincide with the end of the dry season
(September to November 2014).
We set each camera to take a series of three consecu-
tive images following a trigger event, with a 1-s delay
between trigger events and classified an image series as
an event using criteria similar to O’Brien et al. (2003).
Each event was categorized by the species present during
the event. We estimated the number of individuals present
during each event. Prey species were divided into wild
and domestic prey. Wild prey for lions was classified
following Hayward and Kerley (2006) (Online Resource
1). All domestic animals (cattle Bos taurus, sheep Ovis
aries, goats Capra aegagrus hircus, donkeys Equus
africanus) were considered domestic prey. In order to un-
derstand whether relative livestock and prey densities
were related to livestock depredation risk, we modeled
and predicted the relative abundance of livestock (defined
as livestock events/trap night) and wildlife (defined as
wildlife events/trap night) using the inverse distance
weighted tool in ArcMap 10.3 on the map.
Geospatial and remote sensing data
We assessed relative vegetative productivity, proximity to sur-
face water, and proximity to livestock enclosures (i.e., bomas)
using geospatial techniques. For proximity to surface water,
we used ArcMap 10.3 to modify existing, but incomplete
geospatial data to include all surface water resources in
Manyara Ranch that were present year-round. We then deter-
mined proximity to surface water by calculating the nearest
distance between affected and unaffected locations and sur-
face water. To examine how seasonal livestock practices in-
fluenced risk of depredation, we calculated the distance from
kill sites to unaffected sites and to bomas.
To estimate relative vegetative productivity, we acquired
three relatively cloud-free (November, 1999, September,
2000, and November, 2009) Landsat 7 satellite images for path
168 row 63 from USGS Earth Explorer with standard terrain
correction (Level 1T; no SLC-off). We compensated for sensor
and atmospheric influences by applying a radiometric correc-
tion in ENVI 5.1; using the dark object subtraction method
(Chavez 1996). Next, we converted the digital numbers to
reflectance using the Landsat 7 reflectance conversion tool in
ERDAS Imagine 2015 (ERDAS Inc 2015). Model parameters
such as solar elevation, solar distance, and bias and gain for
each band were entered for each image band. This resulted in a
reflectance image used to calculate the Normalized Difference
Vegetation Index (Eq. 1) for each image.
NDVI ¼ near infrared−visible red
near infraredþ visible red ð1Þ
We averaged NDVI values for the three images in ArcMap
10.3 using the Raster Calculator tool to account for inter-
annual variation in productivity. Effectively, this averaged
NDVI data represented relative vegetative productivity during
the dry season for our study site (i.e., vegetation productivity
at its lowest point during the year). We used averaged NDVI
data to calculate the mean NDVI value within a 2.5 km radius
of each affected and unaffected site using the Focal Statistics
tool in ArcMap 10.3.
Statistical analysis
We tested all variables for collinearity and using r = ± 0.7 as a
threshold (Dormann et al. 2013) we found no collinearity
between variables. We used logistic regression and second
order Akaike Information Criterion (AICc) to identify predic-
tive models of lion depredation risk. The binary response var-
iable was the presence of livestock depredation, where one
represents a recorded kill site, and zero represents a non-
depredation (background) site. We fitted four separate models.
We first tested the effects of ecological (including prey avail-
ability) and geospatial variables on livestock depredation risk
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for Manyara ranch. Next, we developed a non-seasonal model
considering only geospatial variables for Manyara ranch for
the entire year. Finally, we developed two seasonal models
(i.e., wet and dry seasons) considering geospatial variables.
We established background data (pseudo-unaffected sites)
using the Create Random Point tool in ArcMap 10.3 and cre-
ated 360 pseudo-unaffected (Fig. 1: ESRI, Redlands,
California, USA) (Fig. 1). For model selection, we used
AICc to rank a priori models relative to the null model. We
then model averaged the coefficients from all models to eval-
uate the importance of each factor.
Statistical analysis was performed using the standard glm
function and theMuMIn package (Barton 2015) in R 3.1.3 (R
Development Core Team 2013). We primarily assessed
models based on model sensitivity (i.e., model correctly clas-
sifies affected sites) versus specificity (i.e., model correctly
classifies unaffected sites). We focused on model sensitivity
because we would expect our model to classify some unaf-
fected areas as affected as we allowed our pseudo-unaffected
sites to commingle with our affected sites (i.e., it is likely that
some of our pseudo-unaffected sites would, in reality, be
risky).
Risk map
To support conservation efforts, we produced a visual repre-
sentation using the best model for livestock depredation risk
year-round, and separately for dry and wet seasons. We creat-
ed a risk map of livestock depredation withinManyara Ranch,
a 2-km buffer around the ranch, and a buffer containing all
reported livestock depredation points using the most highly-
ranked spatial variables (Olson et al. 2014; Olson et al. 2019).
We generated the risk map using the Raster Calculator tool at
the resolution of 30 m (Landsat pixel resolution). We used a
threshold of P(Affected) ≥ 0.05, ≥ 0.02, and ≥ 0.03 to differen-
tiate between affected and unaffected sites, which corresponds
to the probability of randomly selecting an affected site for
three different time periods: year-round, dry season, and wet
season, respectively (0.05 = 18 affected/378 total; 0.02 = 12
affected/372 total; 0.03 = 6 affected/366 total). Prevalence of
affected sites is typically the most optimal predictive threshold
(Stokland et al. 2011; Olson et al. 2012; Olson et al. 2014).
Risk maps can be only marginally valuable for livestock
and wildlife coexistence if they fail to examine more than co-
occurrence of predators and domestic animals (Olson et al.
2019). Therefore, we tested for the relationship between risk
and NDVI in order to identify potential alternative grazing
areas of low risk. We first used a linear regression to test for
a relationship between risk and NDVI to ensure the relation-
ship was non-linear. We then constructed a risk map overlay-
ing NDVI to identify contiguous areas of low risk that also
had relatively high NDVI values (i.e., hypothetically low risk
grazing areas). This a posteriori analysis was critical in terms
of assessing the practicality of our recommendations, an as-
sessment that is often overlooked when presenting risk maps
(Olson et al. 2019).
Results
We collected over 570 trap nights (TN) worth of camera trap
data from September to November 2014 on Manyara Ranch
Conservancy, including 86,682 images. A total of 1639 cam-
era trap events were recorded, and 34 wild mammal species
and 3 large avian species were observed and identified (Online
Resource 1 and 2). We documented 14 wild prey species on
Manyara Ranch (Online Resource 1). Wild prey (0.944
events/TN) had a higher relative abundance compared to live-
stock (cattle, sheep, goats, donkeys: 0.646 events/TN).
However, livestock had the highest number of individuals
observed over all trap nights combined (overall: 24.35
individuals/TN; cattle: 18.6 individuals/TN; sheep and goats:
5.6 individuals/TN; donkeys: 0.23 individuals/TN), and they
were observed at 23 of the 24 sites across Manyara Ranch.
Our camera traps captured three wild carnivore species; black-
backed jackal (Canis mesomelas), spotted hyena (Crocuta
crocuta), and lions. Two events documented a total of six lions
on the Ranch at two prior livestock depredation sites (sites 3
and 11; Fig. 1).
Eighteen livestock depredation sites were recorded be-
tween 2011 and 2016 inside and in the surrounding local
communities of Manyara Ranch Conservancy (Fig. 1).
Twelve events occurred in the dry season and 6 occurred in
the wet season. The mean NDVI of the livestock depredation
sites ranged from 0.166 to 0.249 whereas the pseudo-
unaffected sites ranged from 0.050 to 0.263 (0 represents
low vegetation productivity and 1 represents high vegetation
productivity). Distance between livestock depredation sites to
nearest surface water ranged from 14 to 8928 m and distance
from depredation sites to nearest boma ranged from 17 to
5692 m. Background sites were located between 21 to
14,015 m from surface water and between 6 to 7507 m to
the nearest bomas.
Non-seasonal ecological and geospatial livestock
depredation risk
Mean NDVI and wild prey were present in the top two
models, and mean NDVI being in the top five models.
Mean NDVI had an importance value of 0.79 and wild
prey 0.53 (Table 1). Mean NDVI and wild prey abundance
were both significantly and positively associated with risk
of lion depredation (Online Resource 3). Lion depredation
risk was positively associated with vegetative productivity
and negatively associated with wild prey density and dis-
tance to surface water.
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Non-seasonal geospatial livestock depredation risk
Mean NDVI and proximity to surface water were present in
the top five models with a weight greater than 0.15 suggesting
that these are likely important factors in determining high risk
areas on Manyara Ranch (Table 2 and Online Resource 4). Of
all factors tested, distance to surface water (1.00), mean NDVI
(0.89), and distance to boma (0.62) showed the highest impor-
tance values in determining livestock depredation sites on
Manyara Ranch (Table 2).
Overall, the best fit model included the variables mean
NDVI, distance to surface water, and the interaction be-
tween them with a weight of 0.20 (Online Resource 4).
Our model produced a 72% sensitivity (13 of 18 sites iden-
tified correctly) and 71% specificity (255 of 360 unaffected
sites identified correctly).
Using the model with highly ranked spatial variables, mean
NDVI, and proximity to surface water (Table 2 and
Online Resource 4), we created a human-lion conflict risk
map for Manyara Ranch and the encompassing area including
all depredation sites (Fig. 3) using Eq. 2:
P Affectedð Þ ¼ 1= 1þ e− −9:60þ0:001DistWaterþ39:22NDVI−0:01NDVI*DistWaterð Þ
 
ð2Þ
Dry season geospatial livestock depredation risk
Mean NDVI and distance to surface water were present in
the top four models with a weight greater than 0.09 sug-
gesting that vegetative productivity and distance to
Table 1 Model averaged logistic
regression coefficients, standard
errors (adjusted), p values (p), and
importance values for estimating
the likelihood of livestock
depredation risk year-round by
African lions in Manyara Ranch,
Tanzania using ecological and
geospatial variables
Factors Estimate Standard error p Importance
Intercept 0 0 NA NA
Mean NDVI 1.42 4.51 0.75 0.79
Wild Prey − 33.99 76.23 0.66 0.53
Mean NDVI * Wild Prey 35.82 78.06 0.65 0.26
Dist. Water − 3.737 20.02 0.85 0.29
Livestock 1.13 12.8 0.93 0.14
Mean NDVI* Dist. Water 2.51 17.36 0.89 0.04
Wild Prey * Dist. Water − 0.15 1.21 0.9 0.03
Livestock * Mean NDVI − 0.95 12.68 0.94 0.02
Livestock * Dist. Water − 0.01 0.32 0.97 0.01
Livestock * Wild Prey − 0.01 0.23 0.97 < 0.01
Table 2 Second-order Akaike
information criterion scores
(AICc), ΔAICc, and model
weights of logistic regression
models predicting livestock
depredation risk year-round by
African lions, using ecological
and geospatial variables
Model AICc Δ AICc Weight
Mean NDVI + Wild Prey + Mean NDVI*Wild Prey 23.03 0 0.26
Mean NDVI + Wild Prey 23.87 0.84 0.17
Mean NDVI 24.39 1.37 0.13
Mean NDVI + Dist. Water 25.17 2.14 0.09
Mean NDVI + Livestock 25.54 2.51 0.07
Dist. Water 25.78 2.75 0.07
Mean NDVI + Dist. Water + Mean NDVI*Dist. Water 26.6 3.57 0.04
Wild Prey + Dist. Water 26.62 3.59 0.04
Wild Prey + Dist. Water + Wild Prey * Dist. Water 27.53 4.5 0.03
Livestock + Mean NDVI + Livestock*Mean NDVI 27.99 4.96 0.02
Livestock + Dist. Water 28.35 5.33 0.02
Wild Prey 29.05 6.03 0.01
Null 29.17 6.15 0.01
Livestock + Wild Prey 29.28 6.25 0.01
Livestock 30.25 7.22 0.01
Livestock + Dist. Water + Livestock*Dist. Water 30.85 7.83 0.01
Livestock + Wild Prey + Livestock* Wild Prey 31.27 8.24 0
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surface water are likely important factors in determining
high risk areas on Manyara Ranch during the dry season
(Table 3 and Online Resource 4). Of all factors tested,
distance to water (1.00), mean NDVI (0.93), and distance
to water interacting with mean NDVI (0.68) showed the
highest importance values in determining livestock depre-
dation sites on Manyara Ranch (Table 3).
Overall, the best fit model described livestock depreda-
tion risk as a function of mean NDVI, distance to surface
water, and the interaction between them with a weight of
0.48 (Table 3). Our model produced a 75% sensitivity (9
of 12 sites identified correctly) and 70.5% specificity (254
of 360 unaffected sites identified correctly).
Using the model with highly ranked spatial variables,
mean NDVI, and proximity to surface water (Table 3
and Online Resource 4), we created a human-lion con-
flict risk map for Manyara Ranch and the encompassing
area including all depredation sites for the dry season
(Fig. 4) using Eq. 3:
P Affectedð Þ ¼ 1= 1þ e− −10:79þ0:002DistWaterþ44:13NDVI−0:01NDVI*DistWaterð Þ
 
ð3Þ
Wet season geospatial livestock depredation risk
Distance to boma and distance to surface water were pres-
ent in the top four models with a weight greater than 0.09
suggesting that these are likely important factors in deter-
mining high risk areas on Manyara Ranch during the wet
(Table 3 and Online Resource 4). Of all factors tested,
distance to surface water (0.75), mean NDVI (0.43), and
Fig. 3 a Predicted livestock depredation risk in Manyara Ranch across wet and dry seasons, using b distance to water (km) and c mean NDVI as
explanatory variables. For a: 0.00–0.04 = unaffected; 0.05–0.17 = low risk; 0.18–0.29 = medium risk; 0.30–0.43 = high risk
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distance to boma (0.72) showed the highest importance
values in determining livestock depredation sites on
Manyara Ranch (Table 3).
Overall, the best fit model included the variables dis-
tance to boma, distance to surface water, and the interac-
tion between them with a weight of 0.25 (Online Resource
4). Our model produced an 83% sensitivity (5 of 6 sites
identified correctly) and 63% specificity (226 of 360 unaf-
fected sites identified correctly).
Using the highly ranked spatial variables, distance to
boma, distance to surface water, and their interaction
(Table 3 and Online Resource 4), we created a livestock dep-
redation risk map for Manyara Ranch and the encompassing
area including all depredation sites for the wet season (Fig. 4)
using Eq. 4:
P Affectedð Þ ¼ 1= 1þ e− −2:86þ1:86e−05DistWaterþ1:21e−04DistBoma−7:14DistWater*DistBomað Þ
 
ð4Þ
Evaluation of livestock depredation risk
Livestock depredation risk was significantly correlated
with NDVI (positive association), wild prey abundance
(positive association), and distance from surface water
(negative association; Fig. 5). Both livestock and wildlife
abundance were highest in areas with high risk, though
livestock also utilized areas with minimal risk (Fig. 6).
Lion observations on the ranch occurred in areas of both
high and low risk (Fig. 6). The areas of the highest NDVI
were found in relatively high-risk areas, though there
were non-risky areas that did have high NDVI values
(Fig. 7).
Discussion
The survival of lions in Africa depends, in part, on the ability
of conservation entities, government agencies, and communi-
ties to prevent, mitigate, and address human-lion conflict.
Identifying areas of high risk for livestock depredation can
greatly help conservationists and pastoralists better understand
and minimize risk of conflict. Our models suggest that live-
stock depredation by lions differs seasonally and largely fol-
lows the ‘prey catchability’ hypothesis across the landscape
(i.e., lions attack livestock in sites near to surface water and in
areas of high vegetation productivity)—a pattern that has been
established in independent studies on lion hunting success in
fully protected areas as well (e.g., Hopcraft et al. 2005).
Despite the apparent importance of ‘prey catchability’ in
predicting livestock depredations on Manyara Ranch, wild
prey abundance (i.e., ‘prey availability’) was also an important
predictor for lion attack risk on livestock.
On a broad scale, it is known that the density of prey spe-
cies has an impact on the spatial distribution and density of
lions (East 1984; Ritchie and Olff 1999; Carbone and
Gittleman 2002). Similar to the Valeix et al.’s (2012) study
which found that abundance of wild prey and livestock spe-
cies were crucial predictors of lion attacks on livestock, our
results indicate that the abundance of lions’ preferred wild
prey was important in determining areas of high risk for live-
stock depredation by lions but livestock abundance was not.
Our results showed that high vegetation productivity and wild
prey abundance were important in determining areas of high
risk for livestock depredation. Tentatively, these results sug-
gest that lions prefer to hunt in areas with high wild prey
density and then opportunistically prey on livestock.
During the dry season, medium-sized herbivores frequently
concentrate in areas close to surface water, which often tend to
have relatively higher vegetative productivity (Bhola et al.
Table 3 Model averaged logistic regression coefficients, standard error (adjusted), p value (p), and importance for estimating the likelihood of livestock
depredation by lions year-round (all year), during the dry season (dry), and during the wet season (wet) for Manyara Ranch, Tanzania
All year Dry Wet
Factors Estimate Standard
error
p Importance Estimate Standard
error
p Importance Estimate Standard
error
p Importance
Intercept 0.00 0.00 NA NA 0.00 0.00 NA NA 0.00 0.00 NA NA
Dist. Water 5.86 16.36 0.72 1.00 27.23 29.85 0.36 1.00 − 2.52 12.90 0.85 0.75
Mean NDVI 2.92 2.43 0.23 0.89 4.39 3.19 0.17 0.93 2.20 4.28 0.61 0.43
Mean NDVI * Dist.
Water
− 10.92 16.75 0.51 0.39 − 36.86 31.61 0.24 0.68 0.18 10.88 0.99 0.05
Dist. Boma − 3.51 8.72 0.69 0.62 − 2.79 9.31 0.77 0.36 − 2.00 13.19 0.88 0.72
Dist. Boma * Dist.
Water
− 3.06 6.68 0.65 0.25 − 0.40 2.81 0.89 0.04 − 27.36 42.61 0.52 0.43
Dist. Boma * Mean
NDVI
3.16 8.37 0.71 0.17 2.70 9.49 0.78 0.10 0.16 12.34 0.99 0.06
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2012). In the dry season, the limited amount of food and water
resources lead to a concentration of livestock grazing in areas
close to water or wetlands, and, coincidentally, near wildlife
(Okello 2005). Our results indicate that the likelihood of live-
stock depredation by lions was highest near water and in areas
with high vegetative productivity, similar to other studies
Fig. 4 Predicted livestock depredation risk by lions during a dry season
and bwet season inManyara Ranch, Tanzania. The dry season riskmap is
predicted using distance to water (km) and mean NDVI: 0.00–0.03 =
unaffected; 0.04–0.16 = low risk; 0.17–0.29 = medium risk; 0.30–0.43
= high risk. The wet season risk map is predicted based on distance to
water (km) and distance to boma: 0.00–0.01 = unaffected; 0.02–0.05 =
low risk; 0.06–0.07 = medium risk; 0.08–0.11 = high risk
Fig. 5 Probability of livestock depredation by African lions in relation to (left panel) mean normalized difference vegetation index (NDVI), (middle
panel) relative wild prey abundance, and (right panel) distance to water
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which found that during the dry season, lions prey upon live-
stock closer to surface water (Butler 2000; Kays and Patterson
2002; Hopcraft et al. 2005; Michalski et al. 2006; Boer et al.
2010). The presence of surface water is frequently associated
with relatively abundant vegetative cover, another important
landscape feature for ambush-predators like lions (Hopcraft
et al. 2005). Lions are opportunistic, stalk-and-ambush
hunters that prefer hunting grounds with good vegetative cov-
erage (Schaller 1972; Elliott et al. 1977; van Orsdol 1984;
Packer et al. 1990; Scheel and Packer 1991; Stander 1992;
Scheel 1993; Stander and Albon 1993; Packer and Pusey
1997). Our model including all depredation points indicates
that areas near water resources predict high risk for livestock
depredation. Thus, surface water and the associated vegetative
cover are likely high-risk areas for both wild and domestic
prey during the dry season.
Surface water and vegetative productivity usually become
more widespread during the rainy season (Laizer et al. 2014).
As water is more freely available, wild prey are more widely
distributed across the landscape, which could make it more
challenging for lions to find wild prey (Patterson et al. 2004).
For the wet season, our model predicts that distance to bomas
and surface water are the two most important factors in
predicting high risk areas for livestock depredation. Indeed,
lions in our study area tend to increase their home range dur-
ing the wet season (Laizer et al. 2014) and since Manyara
Ranch is surrounded by pastoral communities, their likelihood
of encountering livestock in village lands likely leads to more
frequent opportunistic killing of livestock. Similar to seasonal
changes in the distribution of wild prey, seasonal variation in
water resources and availability of vegetation leads to season-
al differences in pastoralist animal husbandry practices. As
water resources and forage become scarce, pastoralists may
graze their livestock closer to water resources with high veg-
etative productivity further away from their bomas. During the
rainy season, water resources and forage become more readily
available, and pastoralist can graze closer to their bomas and
on village lands as opposed to grazing areas within Manyara
Ranch. Seasonal changes in husbandry practices are further
mediated by the ranch management which discourages
Fig. 6 Predicted livestock depredation risk by lions during the dry season overlaid with a relative livestock abundance and b relative wildlife abundance
based on camera trap data and observation data of lions (Panthera leo)
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community livestock grazing during the rainy season (but
these grazing restrictions are not always adhered to by adja-
cent pastoralists). This seasonal variation in husbandry prac-
tices and grazing access regulations can largely explain the
differences between our seasonal models.
In terms of livestock depredation, the dry season was twice
as risky as the wet season. Areas of high risk during the dry
season appeared to be associated with suitable grazing areas
and areas where livestock can drink water. However, during
the wet season, livestock depredation risk appeared to be con-
centrated in proximity to human settlements. Indeed, local
people perceive conflicts with lions most strongly during the
wet season (Koziarski et al. 2016).
Grazing on Manyara Ranch by outside villages is not per-
mitted on the ranch during the wet season, therefore cattle
abundances decrease during the long rains and increase during
the dry period (Kiffner et al. 2016) as the ranch is an important
drought reserve (Davis and Goldman 2019). Areas of high
livestock depredation risk on Manyara Ranch occurred where
livestock abundance is at its highest during the dry season
(Fig. 6). Livestock abundance during the dry season is highest
in areas of high risk, but livestock also use areas of no risk,
which are areas of high vegetative productivity. Areas where
livestock abundance is low predominantly coincide with areas
where vegetative productivity is low. Clearly, avoiding areas
of low vegetative productivity (and low depredation risk) is
not a solution for pastoralists since nutritional needs of live-
stock may not be met, therefore other techniques that balance
reducing depredation risk and maximizing grazing should be
considered. We suggest that the presence of Manyara ranch
livestock year round may not have influenced our results be-
cause Manyara ranch livestock is effectively herded by
employed adults who are more vigilant and effective in
preventing predation by lions and other carnivores throughout
the year compared to livestock from the villages that is usually
herded by youth (Ikanda and Packer 2008).
Fig. 7 Predicted livestock
depredation risk by lions and
mean NDVI values of Manyara
ranch, Tanzania
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To foster coexistence between livestock and wildlife within
multi-use conservation areas, we should explore ways in
which our research can minimize human-wildlife conflict.
Land-sharing strategies are only successful when they support
both human livelihoods and biodiversity conservation.
Manyara Ranch Conservancy is highly utilized by the sur-
rounding pastoralist communities for its grazing and perma-
nent water sources. We observed a high relative abundance of
livestock across our study area. Despite the relatively high
abundance of livestock, we also observed relatively high large
mammal diversity throughout our study area and multiple
threatened species. Yet, lions have killed livestock within the
ranch and retaliatory killing of lions is a frequent occurrence
(Kissui et al. 2019). Our efforts to mitigate these conflicts
must extend beyond a statistical description of risk. Here, we
have demonstrated that areas close to water resources and with
high vegetative productivity are at higher risk for livestock
depredation throughout the year, and that there is a seasonal
variation in factors that affect risk. This spatial information
can be used to minimize risk of livestock depredation via
livelihood-compatible regulations and livestock husbandry
practices that proactively attempt to minimize risk, such as
exercising caution when watering and grazing livestock espe-
cially during the dry season. Preventative measures, such as
scouting areas adjacent to water resources to determine lion
presence prior to herding cattle into that area, may reduce
human-lion conflict.
Lion attacks on livestock were greater in areas with higher
wild prey abundance and were not impacted significantly by
changes in livestock abundance. This suggests that moving
livestock to areas with less wild prey could help pastoralists
avoid high risk areas. Providing cautionary warnings and ed-
ucation to local pastoralists about areas that are high risk to
livestock could help limit livestock depredation and in return
decrease the retaliatory killing of lions. Developing alternative
livestock watering (e.g., by having mobile water supplies that
are only accessible to livestock) practices could reduce the
likelihood of overlap between lions, wild prey, and livestock,
and may reduce conflicts with lions, especially during the dry
season. In addition, grazing intensity could be reduced during
the dry season, especially in high depredation risk areas. The
majority (71.5%) of the ranch is considered to be low risk
(Fig. 3). However, such low-risk areas must be suitable for
livestock grazing or these recommendations will fail. Our par-
simonious assessment indicates that some areas of low risk do
have vegetative productivity that may support livestock graz-
ing (Fig. 7). However, these areas are not as extensive and
access to water resources during the dry season will remain
a critical issue. Thus, we recommend local ranch managers to
work collaboratively with local pastoralists to design and im-
plement grazing regulations and other preventative measures
such as intensive monitoring of lion activity. Manyara Ranch
is surrounded by Maasai communities that have a cultural
connection to lions and wish to see lions maintained on the
landscape into the future (Goldman et al. 2013).
Collaborations between land managers, communities, and re-
searchers with an understanding of the complexity of Maasai-
lion relations could be critical to the success of lion conserva-
tion efforts (Goldman et al. 2010, 2013; Davis and Goldman
2019).
Understanding the landscape of risk for conflict is critical
in promoting coexistence between humans and carnivores
(Miller et al. 2015), and given the urgency of this conflict,
conservation planning is often limited by data availability.
Risk maps, that draw upon multiple data sources and are gen-
erated using robust statistical methods, can help conservation-
ists identify areas at risk of human-carnivore conflict,
supporting conflict mitigation and prevention efforts (Miller
et al. 2015; Carvalho Jr et al. 2015).
Our risk map allows researchers, conservationists, and pas-
toralists to visualize areas of high risk; however, it is bound by
the assumptions inherent in data collection and model selec-
tion and therefore we do not expect this risk map to represent
all aspects of risk faced by livestock within Manyara Ranch
(see Olson et al. 2019). Rather, we hope this will be a valuable
contribution to discussions around the many needs of live-
stock owners, wild prey, and lions on multiple-use areas of
East Africa (Schuette et al. 2013).
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Online Resource 1 List of wild prey species of lions and wild non-prey observed on Manyara Ranch during the dry 
season (2014) based on Hayward and Kerley (2006) 
Wild prey - Bushbuck (Tragelaphus scriptus), African buffalo (Syncerus caffer), Eland (Taurotragus oryx), Giraffe 
(Giraffa camelopardalis tippelskirchi), Grant’s gazelle (Gazella granti), Impala (Aepyceros melampus), 
Kirk's dik-dik (Madoqua kirkii), Lesser kudu (Tragelaphus imberbis), Steenbok (Raphicerus campestris), 
Thomson’s gazelle (Gazella thomsonii), Warthog (Phacochoerus africanus), Waterbuck (Kobus 
ellipsipsiprymnus), Wildebeest (Connochaetes taurinus), Zebra (Equus quagga) 
 
Wild non-prey - Aardvark (Orycteropus afer), Aardwolf (Proteles cristatus), African civet (Civettictis civetta), 
African wildcat (Felis libyca), Banded mongoose (Mungos mungo), Bat-eared fox (Otocyon megalotis), 
Black-backed jackal (Canis mesomelas), Dwarf mongoose (Helogale parvula), Elephant (Loxodonta 
aafricana), Common genet (Genetta genetta), Ground hornbill (Bucorvus leadbeateri), Helmeted 
guineafowl (Numida meleagris), Cape hare (Lepus capensis), Honey badger (Mellivora capepensis), Lion 
(Panthera leo), Olive baboon (Papio cynocephalus anubis), Ostrich (Struthio camelus), Porcupine (Hystrix 
cristata), Secretary bird (Sagittarius serpentarius), Spotted hyena (Crocuta crocuta), Striped hyena 
(Hyaena hyaena), Vervet monkey (Cercopithecus aethiops), White-tailed mongoose (Ichneumia 
albicauda), Zorilla (Ictonyx striatus) 
 
 
 
 
 
 
Online Resource 2 Wild mammal species richness, predator, wild prey, and livestock events, events per trap night, and observed individuals at camera sites in 
Manyara Ranch, Tanzania 
 
Camera 
Site 
Wild Prey Livestock Predators Species Richness 
Total 
Events 
Total 
Observed 
Events
/TN 
Total 
Events 
Total 
Observed 
Event
s/TN 
Total 
Events 
Total 
Observed 
Events/
TN 
Total 
Events 
Total 
Obs. 
Events/
TN 
1 56 97 1.14 9 145 0.18 14 16 0.29 128 19 0.39 
3 81 221 1.65 6 103 0.12 1 1 0.02 131 21 0.43 
4 23 51 0.47 24 886 0.49 6 6 0.12 106 19 0.39 
7 44 57 1.33 34 840 1.03 3 5 0.09 130 22 0.67 
11 103 260 2.10 16 428 0.33 1 5 0.02 159 20 0.41 
12 22 46 0.45 133 6,561 2.71 1 2 0.02 350 18 0.37 
C 25 76 1.47 8 347 0.47 0 0 0.00 54 8 0.47 
E 15 94 0.88 1 26 0.06 4 5 0.24 31 11 0.65 
F 3 4 0.19 16 609 1.00 1 1 0.06 33 8 0.50 
G 13 55 0.81 18 451 1.13 0 0 0.00 53 10 0.62 
H 5 20 0.29 9 329 0.53 0 0 0.00 21 8 0.47 
I 10 20 0.59 15 229 0.88 0 0 0.00 39 11 0.65 
J 13 37 0.81 7 255 0.44 0 0 0.00 26 10 0.62 
K 30 63 1.88 3 132 0.19 2 2 0.13 59 21 1.31 
L 5 18 0.31 8 750 0.50 0 0 0.00 31 10 0.62 
M 19 98 1.19 13 470 0.81 1 1 0.06 48 11 0.69 
N 1 1 0.06 3 20 0.19 0 0 0.00 6 4 0.25 
P 2 4 0.13 10 395 0.63 0 0 0.00 26 9 0.56 
Q 14 28 0.88 7 308 0.44 0 0 0.00 30 6 0.38 
R 3 3 0.19 0 0 0.00 0 0 0.00 7 4 0.25 
S 34 70 2.12 9 334 0.56 3 3 0.19 84 19 1.19 
T 8 9 0.5 10 101 0.63 1 1 0.06 29 10 0.62 
U 4 4 0.25 8 142 0.50 2 2 0.13 38 10 0.62 
V 5 22 0.31 1 19 0.06 2 3 0.13 20 10 0.62 
Online Resource 3 Model averaged coefficients, standard errors, and p-values for estimating the likelihood of livestock depredation year-round by lions on 
Manyara Ranch, Tanzania using ecological and geospatial variables 
Coefficients Estimate Standard Error p-value 
Intercept -29.774 14.021 0.0337* 
Mean NDVI 134.063 66.277 0.0431* 
Wild Prey 1.638 1.024 0.1097 
 
 
  
Online Resource 4 Sample-size corrected Akaike Information Criterion scores (AICc), ∆AICc, and model weights of logistic regression models predicting 
livestock depredation risk by African lions year-round (All year), during the dry season (Dry), and during the wet season (Wet) for Manyara ranch, northern 
Tanzania 
 All year   Dry   Wet   
Model AICc Δ AICc Weight AICc Δ AICc Weight AICc Δ AICc Weight 
 NDVI * Dist. 
Water  
130.97 0.00 0.20 91.83 0.00 0.48 65.98 5.23 0.02 
Dist. Boma + 
NDVI * Dist. 
Water 
131.06 0.09 0.19 93.53 1.70 0.20 64.73 3.97 0.03 
NDVI + Dist. 
Boma * Dist. 
Water 
131.17 0.20 0.18 97.69 5.86 0.03 61.46 0.71 0.18 
Dist. Water + 
Dist. Boma * 
NDVI 
131.35 0.38 0.17 95.06 3.23 0.09 64.71 3.96 0.03 
NDVI + Dist. 
Water  
131.56 0.59 0.15 94.46 2.63 0.13 63.95 3.19 0.05 
Dist. Boma * 
Dist. Water 
133.18 2.21 0.07 98.59 6.76 0.02 60.75 0.00 0.25 
Dist. Water 134.63 3.66 0.03 97.13 5.29 0.03 62.63 1.88 0.10 
Dist. Boma + 
Dist. Water  
136.66 5.69 0.01 98.44 6.60 0.02 62.83 2.08 0.09 
NDVI 142.76 11.79 0.00 104.08 12.24 0.00 64.62 3.86 0.04 
Dist. Boma + 
NDVI 
143.76 12.79 0.00 106.10 14.26 0.00 63.61 2.86 0.06 
Dist. Boma * 
NDVI 
144.00 13.03 0.00 106.14 14.31 0.00 65.65 4.90 0.02 
Null 146.74 15.77 0.00 108.04 16.20 0.00 63.24 2.49 0.07 
Dist. Boma 148.56 17.59 0.00 108.47 16.63 0.00 63.81 3.06 0.05 
 
